A new optical fiber twist sensor with temperature compensation mechanism is designed and experimentally demonstrated. The main structure of this twist sensor is a torsion perturbation point cascaded with single mode-multimode-single mode (SMS) fiber structure. The experimental results show that the twist sensor has ability to distinguish the twist direction with sensitivities of 9.5 pm/°and 34.7 pm/°at the chosen dips in the range from −100°(CCW) to 140°(CW). Furthermore, the temperature response characteristic of the sensor is also researched through experiment. Temperature sensitivities of 71.8 pm/°C and 65.2 pm/°C can be obtained at the same dips in the range from 20°C to 75°C. In addition, the temperature's influence can be compensated with post-measurement calculation through the cross-matrix. The theoretical resolutions of twist and temperature simultaneous measurement are ±0.084°and ±0.32°C, respectively.
Introduction
Measurement of physical parameters through optical fiber sensors has received widespread attention in various fields over the past decades. The reason for this attention is the unique features of optical fiber sensors such as immunity to electromagnetic interference, high sensitivity, low-cost and so on [1] - [5] . Among the frequently measured physical parameters, twist is a very important parameter in some applications, such as healthy state monitoring in large engineering structures, intrusion detection system and so on. Up to now, various optical fiber twist sensors based on different physical principles have been reported. For example, sensors based on demodulation of birefringence in optical fibers introduced by twist, sensors based on the radial shear stress distribution modulation in the fibers, sensors based on special fibers, and many other sensors [1] . The detailed classifications are described as below.
Firstly, the twist induced birefringence has two different effects: circular birefringence (CB) and linear birefringence (LB). CB appears only if a LB free and standard circular-symmetric optical fiber is twisted. Besides, the CB induced in the optical fiber by twist has strong temperature dependence, with a temperature varying coefficient of about 9.6 × 10 −5 K −1 [3] . If there is pre-existing LB in the sensing fiber, twisting of a fiber may leads to its LB becoming dependent on the twist rate. Many twist sensors using high LB fibers have been reported in recent years such as: photonics crystal fiber (PCF) [13] , polarization maintaining fiber (PMF) [2] .
Secondly, the large category of sensors based on the radial shear stress distribution modulation in the fibers can be further divided into sub-categories. The detailed information is as follows: sensors using optical fiber grating [1] , sensors based on mode interference, and multi-core fiber based sensors [14] . Until now, a quantity of optical twist sensors based on different types fiber grating have been demonstrated, which include 81°tilted fiber Bragg grating (T-FBG) [4] , multi phase shift helical long period fiber grating (MPS-HLPFG) [10] , ultra-long period fiber grating (U-LPFG) [18] and so on [7] , [8] . Some special fiber gratings are very expensive and complex to prepare, which will hinder its application in practice. On the other hand, the cross sensitivity of strain and external temperature will reduce the measurement accuracy of the fiber grating based twist sensors [17] . The mode coupling will occur in the optical fiber as long as there are two (or more) coupling points along the fiber such as core offsets [15] , LPFG [24] , spherical structure or similar. The most frequently used coupling point types in twist sensor are twist taper, twist point and so on. Beyond that, an in-fiber mode coupling can also be achieved through combinations of different types of coupling points [23] . Meanwhile, twist sensors based on multi-core fiber have received extensive attention from the experts in sensor field and have been reported. For instance, a twist sensor based on twin-core fibers (TCF) [9] is proposed by Kobelke. Hailiang Zhang et al. designed a directional twist sensor using a five-core fiber with a spiral structure in Ref. [16] . A seven-core fiber twist sensor is designed and fabricated in Ref. [21] .
Finally, there are also numerous sensors based on special fibers such as, elliptical core few mode fiber [11] , two mode fiber (TMF) [25] and square coreless fibers (SCF) [6] have been designed and fabricated for twist sensing. Nevertheless, some of them cannot tell the direction of the applied twist.
To sum up, how to design a simple structure twist sensor with temperature compensation and direction discrimination mechanism is an urgent topic to study. In this article, a new type of structure for twist sensing is designed and fabricated. As shown in Fig. 2 (b), a torsion perturbation point is cascaded with single mode-multimode-single mode (SMS) fiber structure, which is named T-SMS structure. The proposed T-SMS structure is able to identify the direction of twist by demodulating the resonance wavelength shift direction. The twist sensitivities of the T-SMS at the selected dips are 9.5 pm/°and 34.7 pm/°in the range from -100°(CCW) to 140°(CW). The temperature sensing performance of the T-SMS is also studied and temperature sensitivities of 71.8 pm/°C and 65.2 pm/°C can be achieved in the range from 20°C to 75°C. Besides, through theoretical analysis, it is found that the fabricated T-SMS has the capacity to eliminate the temperature cross-sensitivity effect. Above all, the proposed T-SMS structure has many advantages such as simple fabrication process, compact structure, high sensitivity, large dynamic range, and capability of dual-parameter measurement. Thereupon, the T-SMS has potential application value in sensor for vehicle, construction engineering quality test and many other fields. Fig. 1 shows the schematic diagram of the sensor fabrication system. The heating source used in the system is oxy-hydrogen flame. An optical broadband source (BBS, wavelength ranging from 1250 to 1650 nm) is utilized as the light source and the transmission spectrum is monitored by an optical spectrum analyzer (OSA, YOKOGWA AQ6370C). On the left is a stationary rotary motor (Orientalmotor PKP564FN24AW), while the motor on the right is a movable rotary motor. Two ends of the fiber are fixed on the motor by fiber holders. The direction and the velocity of the motor can be controlled by the computer software.
Fabrication and Spectrum Analysis
The steps for fabricating the T-SMS are as follows: firstly, a 20 mm MMF is fused between the conventional SMF by using a commercial fusion splicer as shown in Fig. 2(a) . On account of the mode field mismatch at the splicing point, an in-line MZI is formed by the interferometer between the core mode and the cladding mode. The blue line in Fig. 2(c) shows the transmission spectrum of the SMS. Two dips induced by mode interference named dip A and dip B could be recognized in the spectrum. Secondly, a torsion perturbation point is added to the fiber by heating and twisting the fiber synchronously. During the process of heating and twisting, the right rotating platform moves along the guide rail at a particularly small speed to guarantee the fiber in horizontal state. For the sake of obtaining the available spectrum and reducing the transmission loss, the twisting process parameters were carefully optimized through repeated experiments. The number of twisting turns is 2, the relative angular speed is π /3 rad/s and the distance between the torsion perturbation point and the splicing point is 20 mm.
The twist effect at the torsion perturbation point destroys the total reflection condition, resulting in the mode leakage from the SMF fundamental core mode to the cladding mode. The cladding mode travels in the cladding region of the SMF, and then couples back to the core of fiber at the first or second splicing point. Meanwhile, the mode coupling occurring between the two splicing points still exists. Thereupon, a cascade in-line interference is realized by the hybrid optical fiber structure. The red line in Fig. 2(c) represents the transmission spectrum of the T-SMS. There are multiple interference dips induced by mode coupling between the core mode and the high-order cladding modes. From left to right, interference dips are named dip 1 to 5 in turn. It is obvious that dip 1 and dip 3 are induced by the SMS structure while dip 2, dip 4, and dip 5 are induced by the T-SMS structure. All the dips can be used for physical parameter sensing.
In order to analyze the cladding modes involved in the interference clearly, a fast Fourier transform (FFT) is performed on the T-SMS's transmission spectrum. The corresponding spatial frequency spectrum is obtained as shown in Fig. 3 , it can be concluded that two dominant cladding modes are motivated in the T-SMS structure. Other cladding modes are also being excited and existing in the fiber but the power of them is much weak. Thus, the interference dips are mostly introduced by mode coupling between the core mode and the two dominant cladding modes.
Principle
In general theoretical model of mode coupling, only one of the high-order cladding modes and fundamental core mode are taken into account. According to the theory of interference, the transmitted light intensity of T-SMS can be calculated by:
Where I out is the intensity of the interference signal, I cl and I co are the intensity of the core and cladding modes respectively. ϕ represents the phase difference between the core and cladding mode, which is related to the fiber structure and the measurement parameters. Thereupon, ϕ can be further described as:
n co ef f L co − n cl ef f L cl λ (2) Here, n co ef f and n cl ef f are the effective refractive index of the core and cladding mode. L co and L cl are the transmission distance of the core and cladding modes. λ is the interference wavelength, whose variation range depending on the light source. It can be inferred from the properties of the cosine function that the intensity of the interference signal achieves the minimum value at certain wavelength when ϕ equaling to 2(m + 1)π . Thus, the dip wavelength can be obtained through the Eq. (2):
According to the theory of material mechanics, the axial strain generated by twist will not affect the length of the cylinder when the cylinder is twisted at a small angle [5] . As a consequence, L co is equal to L cl . Thus, the twist sensitivity based on wavelength demodulation can be described as the following equation [18] , [23] :
From the Eq. (4), it is apparent that the twist sensitivity is only related to the variation of refractive index caused by twist, which is called photo-elastic effect. As for temperature measurement, the shift of resonant wavelength is function of temperature on account of the thermal-optic effect and the thermal expansion effect. The Eq. (3) can be transformed as [23] :
The Eq. (5) can be further expressed as:
Where ζ co , ζ cl respectively are the thermo-optical coefficient of the fiber core and the cladding. α f is the thermal expansion coefficient. Hence, the temperature sensitivity based on wavelength demodulation is mostly determined by thermal-optic effect and the thermal expansion effect [21] .
Experimental Results and Discussion

Twist Experiment
The experimental setup for verifying the twist sensing characteristic of the T-SMS is shown in Fig. 4 . One end of the T-SMS is fastened on a fixed platform, while the other end is fixed on a rotating platform which can be rotated at any angle. The distance between the two platforms is 150 mm. When performing the twist measurement experiment, clockwise (CW) is defined as the direction in which the number of torsion perturbation increases, while the opposite direction is defined as counterclockwise (CCW). The twist angle and direction are precisely controlled by a computer software. The measured transmission spectra when the T-SMS is twisted from its center CW or CCW in the range from -100°(CCW) to 140°(CW) with an interval of 10°is shown in Fig. 5(a) . Dip 3 and dip 4 are chosen as the observation point because of its high sensitivity to twist. It must be noted that the transmission spectrum shifts to opposite direction when the T-SMS is twisted to reverse direction, which means the proposed structure can distinguish the twist direction. The resonant wavelength at dip 3 and dip 4 versus twist angle is shown in Fig. 5(b) . As can be seen, the curve is fitted with high R 2 = 0.98915 at dip 3 and R 2 = 0.98341 at dip 4, which means that the resonant wavelength varies linearly with twist angle. The twist sensitivity of 34.7 pm/°at dip 3 and 9.5 pm/°at dip 4 can be obtained. The obtained sensitivity of the propose structure is 3 times higher than that of the HLPFG [7] and 10 times higher than that of pre-twist MZI [19] .
Temperature Experiment
In practical application, the temperature cross sensitivity cannot be ignored, because it can affect the accuracy of sensor operation. Thus, the temperature response of the T-SMS is investigated experimentally. A high precision digitally controlled thermo electric cooler (TEC) is used to heat the T-SMS. The temperature is changed ranging from 20°C to 75°C at intervals of 5°C. Fig. 7(a) shows the measured transmission spectra when the T-SMS is exposed to different temperature. Each spectrum is measured 15 minutes after changing the temperature to keep the temperature stable and thus minimize errors. From the illustrations in the Fig. 7(a) , it can clearly see that the resonant wavelength shifts linearly to longer wavelength with the temperature increasing. Dip 3 and dip 4 are also chosen as the observation point. Fig. 7(b) illustrates the variation of resonant wavelength at dip 3 and dip 4 for applied temperature. After fitting the data, it can be concluded that the measured temperature sensitivity for the T-SMS are 71.8 pm/°C at dip 3 with R 2 = 0.98643 and 65.2 pm/°C at dip 4 with R 2 = 0.99798, respectively. The temperature sensitivity of the proposed structure is at the same level as that in the Refs. [7] , [19] . 
Simultaneous Twist and Temperature Measurement
Based on the above analysis, it can be concluded that there has sensitivity difference between dip 3 and dip 4. The reason is that different cladding modes have different sensitivities toward external environment. Thus, the synchronous measurement of twist and temperature can be realized by dip 3 and dip 4. In other words, the proposed structure can cut the error arising from the temperature cross-sensitivity without influence on twist sensing.The resonant wavelength sensitivities of twist at dip 3 and dip 4 are set to K θ 3 and K θ 4 . The resonant wavelength sensitivities of temperature at dip 1 and dip 4 are set to K T 3 and K T 4 . When the T-SMS is twisted and heated at the same time, the wavelength shifts of dip 3 and dip 4 can be expressed as [21] :
Where λ 3 iss the wavelength shift of dip 3 and λ 4 is the wavelength shift of dip 4. The variation of twist and temperature are θ and T, respectively. In the experiment, 
In Eq. (8), the unit of the twist, temperature and wavelength are degree, degree centigrade and nanometer, respectively. Since the resolution of OSA is 0.02 nm, the theoretical resolution of twist and temperature calculated through Eq. (8) are ± 0.084°and ± 0.32°C, respectively.
Based on available data, the sensing performance of the T-SMS is compared with other twist sensor based on different structures in the past five years as shown in the Table 1 . For the purpose of facilitating comparison, the unit of the twist sensitivity has been unified as nm/(rad/m). That is, 34.7 pm/°equals to 0.298 nm/(rad/m). It can be concluded that the proposed sensor can not only detect the twist rate with high sensitivity, but also can avoid the temperature cross-sensitivity. Another advantage of the proposed sensor is that the twist direction can be distinguished by demodulating the resonance wavelength shift direction.
Conclusion
In this article, a new fiber structure based on T-SMS fiber structure is proposed for sensing twist direction and twist rate. The T-SMS is induced by a torsion perturbation point cascading to SMS fiber structure. The experimental results indicate that twist sensitivities at the selected dips are 9.5 pm/°and 34.7 pm/°, respectively, in the range from -100°(CCW) to 140°(CW). In the meantime, the twist direction can be acquired by monitoring the shift direction of the resonant wavelength. Moreover, a temperature sensing experiment is conducted in the range from 20°C to 75°C. The temperature sensitivities at the same dips are 65.2 pm/°C and 71.8 pm/°C. Finally, through the theory analysis, it is found that the potential temperature cross-sensitive effect can be eliminated by using the sensitivity difference between different dips. Calculated through crossing matrix, the theoretical resolution of twist and temperature are ± 0.084°and ± 0.32°C, respectively. Because of the sensor's distinct advantages of high sensitivity, no temperature cross-sensitivity, and compact structure, the proposed twist sensor could find application value and market prospect in different fields.
